DNA demethylation processes are important for reproduction, being central in epigenetic reprogramming during embryonic and germ cell development. While the enzymes methylating DNA have been known for many years, identification of factors capable of mediating active DNA demethylation has been challenging. Recent findings suggest that cytidine deaminases may be key players in active DNA demethylation. One of the most investigated candidates is activation-induced cytidine deaminase (AID), best known for its role in generating secondary antibody diversity in B cells. We evaluate evidence for cytidine deaminases in DNA demethylation pathways in vertebrates and discuss possible models for their targeting and activity regulation. These findings are also considered along with alternative demethylation pathways involving hydroxymethylation.
Introduction
The fifth carbon of cytosine in DNA can be either unmethylated or methylated to form 5-methylcytosine (5meC) and 5-hydroxymethylcytosine (5hmeC) on subsequent hydroxylation. This occurs on cytosines flanked by various nucleotides (Lister et al. 2009 ), but 5meC in a CpG dinucleotide context is the best characterised (Doerfler 2008) . CpG dinucleotides are often enriched in promoters of genes and their methylation is associated with gene silencing (Chen et al. 2001 , Kroft et al. 2001 , Chan et al. 2004 , Song et al. 2009 ). The opposite process, demethylation or replacement of methylated cytosines with unmethylated cytosines, can restore gene expression (Benvenuto et al. 1996 , Papageorgis et al. 2010 , Stengel et al. 2010 . DNA methylation can therefore be used to establish correct gene expression patterns during development and differentiation (Maatouk et al. 2006 , Song et al. 2009 ). Demethylation can be achieved by both passive and active mechanisms. Passive demethylation relies on DNA replication in the absence of DNA methyltransferase (DNMT) maintenance activity so that unmethylated cytosines are incorporated into new DNA strands. During active demethylation, methylated cytosines are replaced with unmethylated cytosines by an enzymatic process independent of DNA replication.
Active DNA demethylation is believed to occur on a global scale twice during mouse embryogenesis. First, the paternal genome is actively demethylated before the first cell division of the mouse zygote , Oswald et al. 2000 , Santos et al. 2002 , Okada et al. 2010 , Wossidlo et al. 2010 . A second wave of global DNA demethylation occurs in primordial germ cells (PGCs) between embryonic days 11.25 and 13.5 (Hajkova et al. 2002 . Both events are likely to be involved in re-setting the genome for early development. Indeed, locusspecific DNA demethylation is required for reactivation of pluripotency genes during cell reprogramming (Simonsson & Gurdon 2004 , Bhutani et al. 2010 . It is also known that cloned embryos have defects in DNA methylation (Dean et al. 2001 , Kang et al. 2001 , which may result from aberrant gene reprogramming and lead to developmental abnormalities. Furthermore, demethylation of oncogenes is often associated with cancers (Nishigaki et al. 2005) . Hence, DNA methylation dynamics are at the core of many developmentally regulated processes and their misregulation can lead to developmental defects and disease.
Potential DNA demethylases in vertebrates
The establishment of DNA methylation is achieved by DNMT enzymes that are well characterised in plants and animals. The mammalian DNMTs and their activity, specificity and regulation have been extensively reviewed (Bestor 2000 , Hermann et al. 2004 , Turek-Plewa & Jagodzinski 2005 , Cheng & Blumenthal 2008 . In contrast, enzymes involved in DNA demethylation have been identified in plants but their mammalian equivalents have been the subject of controversy. The bifunctional DNA glycosylases repressor of silencing 1 (ROS1) and Demeter (DME) are known to be the first enzymes in the demethylation pathway in plants ( Fig. 1 ). They first recognise and bind methylated cytosine and then excise it from DNA through hydrolytic cleavage. This creates an abasic site that can be filled with an unmethylated cytosine by the DNA repair machinery (Zhu 2009 ). The mammalian glycosylases thymine DNA glycosylase (TDG) and methyl-CpG-binding domain protein 4 (MBD4) can both efficiently hydrolyse the N-glycosidic bond between thymine and deoxyribose, eventually leading to the base removal (Neddermann & Jiricny 1994 , Hendrich et al. 1999 , and they are capable of cleaving the bond between 5meC and deoxyribose in vitro; however, their activity in 5meCs is 30-40 times lower than in thymines (Zhu et al. 2000a , 2000b , Kim et al. 2009 ). Tdg deficiency in mice leads to embryonic lethality and aberrant de novo DNA methylation of developmentally regulated genes; however, DNA methylation levels at fertilisation and in PGCs have not been assessed in these mutant animals (Cortazar et al. 2011 , Cortellino et al. 2011 ) and 5meC levels are not altered in Mbd4-deficient mice (Millar et al. 2002 , Wong et al. 2002 . Other proteins have been suggested to possess DNA demethylation activity, including DNMTs (Metivier et al. 2008) , MBD2 (Bhattacharya et al. 1999 , Detich et al. 2002 , MBD3 (Brown et al. 2008) and growth arrest and DNA damage-inducible protein alpha (GADD45A; Barreto et al. 2007) . GADD45A has been shown to contribute to active demethylation of plasmid DNA injected into frog oocytes (Barreto et al. 2007 , Schafer et al. 2010 and locusspecific promoter demethylation in cultured mammalian cells (Schmitz et al. 2009 , Schafer et al. 2010 . However, Gadd45a mutant mice do not show defects in DNA methylation (Engel et al. 2009 ); hence, its role in DNA demethylation has also been questioned (Jin et al. 2008) . Figure 1 Possible mechanisms of active DNA demethylation. In plants, 5meC can be directly converted to unmethylated C by bifunctional DNA glycosylases ROS1 and DME, whereas in animals 5meC can be first hydroxylated to 5hmeC and subsequently deaminated by AID/APOBEC or directly deaminated by AID/APOBEC. These deamination products (5hmeU or T respectively) are further processed by the BER pathway.
Hydrolytic deamination catalysed by AID/APOBEC family members
Recent reports suggest that some members of the vertebrate-specific activation-induced cytidine deaminase (AID)/apolipoprotein B mRNA editing enzyme, catalytic polypeptide (APOBEC) family such as AID (Morgan et al. 2004 , Rai et al. 2008 , Bhutani et al. 2010 , Popp et al. 2010 , APOBEC1 (Morgan et al. 2004 , Guo et al. 2011 , APOBEC2 (Rai et al. 2008 , Guo et al. 2011 and some proteins of the APOBEC3 branch (Guo et al. 2011) could play a key role in active DNA demethylation. AID and APOBEC proteins are zinc-dependent cytidine deaminases acting on single-stranded polynucleotides and deaminating cytosines in different contexts (Navaratnam et al. 1993 , Chelico et al. 2006 . The zinc ion acting with the deaminase is coordinated by three amino acids: one histidine and two cysteines or three cysteines (Conticello et al. 2005) . These residues are conserved within the motif signatures [H/C]xE and PCx 2-4 C (Gerber & Keller 1999) . The latter motif is a zinc finger-like feature, a key to several proteins regulating chromatin modifications including DNA and histone methylation (Blackledge et al. 2010) . This catalytic zinc site receives its activity by a fourth ligand, a water molecule, which is coordinated by the carboxylate ion of glutamate in [H/C]xE. The carboxylate group facilitates proton shuttling, which converts a water molecule -once it is trapped within the zinc coordination sphere -into a reactive hydroxide ion (Betts et al. 1994) . Hydrolytic deamination of cytosines occurs through a nucleophilic attack of the zinc hydroxide on the pyrimidine carbon 4 carrying the amine group (Betts et al. 1994 ).
Among the AID/APOBEC family, Aid and Apobec1 are expressed in mammalian oocytes and embryos at stages when global DNA demethylation occurs (Morgan et al. 2004) . They can deaminate 5meC to thymine in vitro which, followed by G-T mismatch repair, could lead to DNA demethylation (Morgan et al. 2004) . APOBEC1 was originally found to convert cytosine into uracil in the apolipoprotein B transcript (Navaratnam et al. 1993 , whereas AID catalyses the same base conversion repetitively and preferentially on singlestranded DNA along immunoglobulin loci (Muramatsu et al. 1999 , 2000 . Interestingly, experiments by Rai et al. (2008) suggest that coupling of Aid and Apobec2 along with the glycosylase Mbd4 can lead to active DNA demethylation in zebrafish embryos.
Aid/Apobec-driven DNA demethylation in zebrafish
Demethylation of in vitro methylated circular or linearised DNA occurs when it is injected into zebrafish embryos at the one-cell stage. This is followed by its remethylation several hours later (Collas 1998 , Rai et al. 2008 . Recent overexpression and knockdown studies suggest that the presence of Aid/Apobec2 together with the Mbd4 DNA glycosylase and Gadd45 is responsible for the demethylation of plasmid DNA and concomitant demethylation of the embryonic genome (Rai et al. 2008 ). Knockdown of Aid or Mbd4 results in locusspecific hypermethylation and aberrant expression of genes important for neurogenesis. The repair of G-T mismatches is meant to be immediately initiated by the glycosylase Mbd4. Gadd45 may increase the DNA demethylation efficiency by promoting the Aid/Apobec2 physical interaction with Mbd4 (Rai et al. 2008) . These results suggest that DNA glycosylases, known for their roles in DNA demethylation in plants, can also contribute to this process in vertebrates. However, according to this model, DNA glycosylases do not initiate the removal of 5meC as in plants, but only cut the N-glycosidic bond leading to the removal of thymines from G-T mismatches (Fig. 1 ). This may explain the lack of change in 5meC levels in Mbd4 knockout mice, which instead have a higher frequency of G-T mutations (Millar et al. 2002 , Wong et al. 2002 .
While the model proposed by Rai et al. is appealing, caveats remain in the mechanistic understanding of Aid/Apobec2-induced demethylation. First, using cytidine deaminases in DNA demethylation seems risky. Cytidine deamination is mutagenic: besides creating G-T mismatches, the activity of Aid is primarily directed towards unmethylated cytosines, which converts them to uracils producing G-U mismatches, for example as occurs in B cells allowing secondary antibody diversification. Mismatches, if not repaired before DNA replication, will create permanent mutations. Secondly, these experiments have been mostly based on the artificial introduction of methylated plasmid DNA into zebrafish embryos. It is not known why this also leads to partial demethylation of the zebrafish genome itself. It is possible that the up-regulation of Aid/Apobec2 and Gadd45 expression and the stimulation of DNA demethylation is a type of immunological response to the presence of methylated exogenous DNA. Whether such a mechanism is common to other organisms is not yet known. Thirdly, it is not clear how symmetric demethylation of CpG in double-stranded DNA occurs since simultaneous 5meC deamination and subsequent nucleotide removal on both DNA strands would create mutagenic double-stranded breaks (Jiricny & Menigatti 2008) . However, it is known that the genomes of vertebrate species such as fugu and zebrafish undergo CpG to TpG transitions over evolutionary time (Bird 1980 , Glass et al. 2007 ). It cannot be excluded that these transitions occur through deamination of 5meC in CpG dinucleotides and subsequent erroneous repair. This is substantiated indirectly by the fact that CpG islands, generally protected from DNA methylation, do not show accumulation of C-to-T transitions.
Additionally, the role of Apobec2 remains controversial. The expression of APOBEC2 is mainly confined to muscle and heart tissue (Liao et al. 1999) . Apobec2 knockout mice show a significant loss of body weight, a myofibre-type shift from fast to slow and centronuclearlike myopathy with age (Mikl et al. 2005 , Sato et al. 2010 . Recently, Apobec2 has been further implicated in left-right axis determination during early embryogenesis in Xenopus through an inhibition of the transforming growth factor b signalling pathway (Vonica et al. 2011 ). It is not clear how Apobec2 contributes to such a variety of developmental processes. Furthermore, its role as a potential DNA deaminase has been questioned due to lack of crucial residues (such as the positively charged amino acids found in AID) at the N-terminus facilitating binding to single-stranded DNA, and a tryptophan, which is located in the vicinity of the PCxxC motif and is required for APOBEC3G-catalysed DNA deamination , Chen et al. 2007 , Sato et al. 2010 .
Evidence for AID as a mammalian DNA demethylase
Two recent studies support a role for AID in DNA demethylation in mammalian systems (Bhutani et al. 2010 , Popp et al. 2010 . Bhutani et al. have shown that the use of siRNA against Aid interferes with reprogramming, demethylation and reactivation of the pluripotency genes POU5F1 (OCT4) and NANOG in heterokaryons (fused cells containing multiple, genetically different nuclei) of human fibroblasts and mouse embryonic stem cells.
Chromatin immunoprecipitation experiments implied that AID is bound to silent promoters of human somatic and mouse ES cells, but not to active, already unmethylated promoters in ES cell nuclei (Bhutani et al. 2010) . These findings suggest a role for AID in promoter DNA demethylation, but leave the question open how AID associates with chromatin without causing immediate deamination in silent promoters. Moreover, the ES cells used for the fusions were actively dividing. Active divisions imply DNA replication that can therefore lead to passive DNA demethylation. It would be interesting to test whether AID is also important for active DNA demethylation in heterokaryons generated with cell cycle synchronised ES cells. In order to further confirm an involvement of AID in active DNA demethylation in heterokaryons, it would be worth performing the experiment using Aid mutant cells.
Genetic evidence for the involvement of AID in DNA demethylation has been obtained from examining the DNA methylation level in PGCs from Aid knockout mice (Popp et al. 2010) . Although the data reporting Aid expression in PGCs at the time of global DNA demethylation has been challenged (Morgan et al. 2004 , in Aid K/K mice, the erasure of DNA methylation marks in PGCs is up to three times lower compared with wild-type controls. Intriguingly, considerable DNA demethylation still occurs in Aid K/K PGCs (Popp et al. 2010) . This suggests that residual DNA demethylation results from the activity of other deaminases such as the co-expressed Apobec1 (Morgan et al. 2004 , other mechanisms that do not require deamination, or a combination of both. Similarly, reduced levels of DNA demethylation in zebrafish have only been observed after simultaneous knockdown of Aid and Apobec2 (Rai et al. 2008 ), suggesting redundancy among members of the AID/ APOBEC family.
A consensus mechanism of deaminase-mediated DNA demethylation
The results of most of the experiments described above provide an emerging consensus as to how cytidine deaminases can initiate the removal of 5meC from DNA (Fig. 1) . The hydrolytic deamination of 5meC converts the base to thymine. It is important to note, however, that cytidine deaminases preferentially act on unmethylated cytosines in DNA. Both activities are considered mutagenic. If cytidine deaminases act on cytosine, the resultant uracil is recognised and repaired by uracil DNA glycosylases (Talpaert-Borle et al. 1982 , Olsen et al. 1989 . Thymine (T), resulting from deamination of 5meC, is a true base in genomic DNA, so mismatch repair proteins need to distinguish Ts in a mismatch with guanosines from correctly paired Ts in DNA. Thymine DNA glycosylases (TDG/MBD4) are able to selectively recognise such mismatches as they interact not only with the T but also with the opposing base pair (Barrett et al. 1998 , Yoon et al. 2003 , Maiti et al. 2008 . Additionally, MBD4 not only recognises G-T mismatches but also has a methyl-binding domain (Hendrich et al. 1999 , Wu et al. 2003 . This domain could target MBD4 to 5meC and mark it as a potential site for deamination. Moreover, GADD45 may couple the action of MBD4 with AID/APOBEC2 (Rai et al. 2008) . Physical interaction of deaminases with glycosylases could be critical for immediate recognition of mismatches generated by deamination of 5meC, therefore preventing the mutagenic activity of deaminases. Thymine DNA glycosylases (TDG/MBD4) are the first enzymes of the base excision repair (BER) pathway, which triggers the removal of the mispaired base T from the DNA (Fig. 1) . This is further processed by endonucleases, such as AP-endonuclease 1 (APE1). In a recent screen for factors promoting DNA demethylation, the RING finger protein 4 (RNF4) has been identified. RNF4 has been shown to enhance DNA demethylation by coupling TDG and APE1 (Hu et al. 2010) . After APE1-mediated hydrolytic cleavage of the phosphodiester DNA backbone, the DNA polymerase b (POLB) removes the remaining deoxyribose moiety and fills in the nascent single nucleotide gap with an unmethylated cytosine. Eventually, the break is sealed by a DNA ligase (Dalhus et al. 2009 , Kunz et al. 2009 ). Additionally, non-enzymatic proteins such as X-ray repair cross-complementing proteins 1 and 2 (XRCC1 and XRCC2) create a scaffold for the mismatch repair machinery (Tebbs et al. 1999 , Adam et al. 2007 .
Incorrectly paired nucleotides can also be excised by the nucleotide excision repair (NER) pathway. In contrast to the BER pathway, the NER pathway removes an w29 bp long single-stranded DNA fragment including the incorrectly paired nucleotide(s). Subsequently, new DNA is synthesised using the undamaged strand as a template and DNA ligase creates covalent phosphodiester bonds (reviewed in Niehrs (2009)). It cannot be excluded that at least some mispaired nucleotides resulting from 5meC deamination can be repaired using NER enzymes. Indeed, knockdown of components of the NER pathway (Gadd45a, XPA, XPG and XPF) inhibits DNA demethylation in Xenopus oocytes (Barreto et al. 2007 , Schmitz et al. 2009 ). DNA demethylation is also inhibited by treatment with chemicals specifically blocking the NER pathway, but not the BER pathway, both in Xenopus oocytes and cultured HEK293 cells (Schafer et al. 2010) . Furthermore, it has been shown that DNA demethylation in mouse zygotes leads to the creation of DNA breaks. Interestingly, aphidicolin treatment blocks repair of the breaks (Wossidlo et al. 2010) . Aphidicolin blocks DNA synthesis but has no inhibitory effects on the BER-specific POLB (the major polymerase of the BER pathway). This could suggest that repair pathways other than BER may be involved in DNA demethylation in mouse zygotes.
Importance of BER enzymes in mouse embryogenesis
If DNA demethylation was to be initiated by deaminases and resultant mismatches processed by DNA repair pathways, then the enzymes from these pathways should also be expressed at times when DNA demethylation occurs. Indeed, it has been reported that MBD4 together with other components of the BER pathway, including Ape1, Polb and DNA ligase III, are expressed at all stages of mouse preimplantation development (Ruddock-D'Cruz et al. 2008 , May et al. 2009 ). Moreover, BER enzymes are present in the paternal pronucleus in the zygote and in PGCs at the time of global DNA demethylation . Tdg, Polb as well as Xrcc1 and Xrcc2 knockout mice are lethal either at the embryonic (Gu et al. 1994 , Tebbs et al. 1999 , Deans et al. 2000 , Adam et al. 2007 , Cortazar et al. 2007 , Cortellino et al. 2011 or at the neonatal stage (Sugo et al. 2000) , suggesting that the BER pathway is important for embryonic development. The spatial and temporal co-expression of these components and the reported interactions among them (Bennett et al. 1997 , Vidal et al. 2001 , Dianova et al. 2004 , Parsons et al. 2005 , Fitzgerald & Drohat 2008 , Hu et al. 2010 suggest that they may form functional deaminase-BER complexes. The existence of such a complex would ensure that any deaminated 5meC is immediately recognised, repaired and replaced with an unmethylated cytosine, hence diminishing the risk of mutating the genome through deamination.
How is site-specific activity of deaminases achieved?
Since the activity of AID is mutagenic, cells maintain a tight control on its nuclear localisation. AID is kept away from DNA by using a strong cytoplasmic retention signal, as well as a strong nuclear export signal (Patenaude et al. 2009 ). AID is also actively imported to the nucleus, and its concentration is thought to be regulated by the proteasome; on proteasome inhibition, a ubiquitinated nuclear form is found (Aoufouchi et al. 2008) . The mechanisms used to target cytidine deamination to particular sites are not clear. AID/APOBECs could interact with other targeting proteins, such as MBD4 that has a 5meC-binding domain. However, this would result in binding of deaminases to all methylated cytosines in DNA. Intriguingly, Bhutani et al. (2010) have detected AID bound to silent promoters both in human fibroblasts and in ES cells, which are not demethylated. It may be that AID binding is not sufficient to trigger its activity; hence, other cues are required. It has been reported that AID can only induce deamination in the context of single-stranded DNA , Brar et al. 2008 . It is not known whether melting of double-stranded DNA in vivo is sufficient to induce AID activity; however, the presence of single-stranded DNA could represent such a signal. But how could it become activated, if, as in most cases, the DNA in eukaryotic cells is double-stranded? We present three possible models for AID activation and targeting.
Model 1: activation of deaminases by active transcription
It has been suggested that DNA demethylation of silenced genes cannot occur without histone acetylation-induced transcription (D'Alessio et al. 2007) . Transcription leads to a transient formation of single-stranded DNA (Leibovitch & Harel 1978 , Leibovitch et al. 1979 , and it has been hypothesised that transcription may be needed for AID targeting (Chaudhuri et al. 2003 ). When overexpressed in NIH 3T3 cells, AID more efficiently edits a GFP reporter gene transcribed at higher levels, suggesting that transcription may stimulate its activity (Yoshikawa et al. 2002) . Recently, elongator complex protein 3 (ELP3) and three other proteins from the ELP family comprising the elongator complex have been reported to be necessary for paternal DNA demethylation in mouse zygotes (Okada et al. 2010) . The elongator complex has been previously found to be associated with RNA polymerase II and involved in Deamination in active DNA demethylation transcriptional elongation (Otero et al. 1999) . Interestingly, it has been shown that interactions with the elongator complex and transcriptional elongation factor SPT5 may direct AID to transcribed targets (Besmer et al. 2006 , Pavri et al. 2010 . SPT5 facilitates transcriptional targeting by delivering AID to stalled RNA polymerase II, which was suggested to occur more frequently in the presence of R loop secondary structures (Pavri et al. 2010) . The importance of transcription for AID targeting is further substantiated by recent findings that the RNA exosome complex recruits AID to both strands of transcribed DNA to ensure simultaneous deamination of template and nontemplate DNA (Basu et al. 2011) . The RNA exosome is meant to remove nascent RNA from template DNA to expose it to AID for binding. Subsequently, protein kinase A may stabilise single-stranded DNA and support the recruitment of the repair machinery (Vuong et al. 2009 ). The notion that transcription may be a prerequisite for active DNA demethylation is challenged by findings in zebrafish and mouse embryos. Active demethylation of plasmid DNA in zebrafish occurs in the absence of transcription (Collas 1998) . Additionally, the onset of transcription in mouse zygotes at the one-cell stage occurs after the erasure of methyl marks from the paternal genome (Bouniol et al. 1995 , Aoki et al. 1997 . To conclude, even though many experiments point towards a central role for transcription in the activity of deaminases making this model an attractive one, it is possible that in some cases deaminases may be regulated using alternative pathways, as discussed below.
Model 2: deaminase targeting and chromatin modification
Changes in chromatin state could be sufficient to target AID/APOBECs. Some histone modifications, like di-and tri-methylation of lysine 9 of histone H3 (H3K9me2/3), are associated with chromatin compaction, whereas others, like acetylated lysine 9 of histone H3 (H3K9ac) or trimethylated lysine 4 of histone H3 (H3K4me3), can make the chromatin more accessible (Jenuwein & Allis 2001) . It has been suggested that the presence of H3K9ac, H3K14ac and H3K4me3 may be important for AID targeting (Wang et al. 2009 ). Interestingly, at the time of global DNA demethylation in the mouse zygote, the paternal genome is devoid of repressive H3K9me2/3 marks (Liu et al. 2004 , Santos et al. 2005 . Similarly, active DNA demethylation in PGCs occurs after a loss of repressive H3K9me2 (Hajkova et al. 2008) . Furthermore, the presence of H3K4me2/me3 is associated with pluripotency gene reactivation during cell reprogramming (Murata et al. 2010) . Thus, it is conceivable that accessibility and state of the chromatin may be important to recruit AID to the sites of deamination.
Model 3: RNA-mediated deaminase targeting
Another appealing mechanism for directing deaminases to specific sites in the genome could involve RNAmediated targeting. Recently, it has been shown that non-coding RNA can bind to a complementary rDNA promoter region to form a triple helix. Formation of DNA:RNA triplexes facilitates recruitment of the DNMT3B methyltransferase to the rDNA promoter (Schmitz et al. 2010) . Enzyme targeting by interaction with RNAs is attractive, as it ensures a high degree of site specificity. It could be that some of the reported requirements of transcription for AID activity might reflect a need for the generation of guiding non-coding RNA (Chaudhuri et al. 2003 ). However, so far, there is no evidence supporting this hypothesis.
With the current state of knowledge, it is difficult to decide which of the proposed models (if any) is true. It could be that all, or some combination of them, are utilised at different developmental stages or in different model systems. It should also be noted that most of our current mechanistic understanding about AID is based on its immunological role and may not be relevant for deaminase-mediated DNA demethylation. More work has to be done in order to shed light on 5meC deaminase targeting, regulation and the reciprocal relations between active DNA demethylation, chromatin changes, transcription and the requirement of singlestranded DNA for deaminase activity.
One universal mechanism or several independent ones?
Despite growing evidence for the involvement of AID and other cytidine deaminases in DNA demethylation, many questions still remain (Box 1). First, there is a need for more genetic evidence for the role of cytidine deaminases in DNA demethylation. Although Aid knockout mice have significantly decreased global DNA demethylation levels in PGCs, they are viable and residual demethylation in PGCs is still observed (Popp et al. 2010) . Because of possible redundancy of AID with other cytidine deaminases, it is important to simultaneously knock out other cytidine deaminases to see whether residual DNA demethylation is still observed and whether paternal DNA demethylation after fertilisation in the zygote still occurs. Furthermore, to examine the involvement of other components of the proposed DNA demethylation pathways, they too will need to be systematically depleted from the examined cells/animals. This will be challenging as the list of potential candidates is large (Table 1) and possible redundancy has to be taken into account when analysing the roles of particular factors. As we cannot exclude that distinct active DNA demethylation mechanisms exist, the interpretation of results between different systems should also be conducted with caution. It is important to consider that mechanisms may distinguish between genome-wide and locus-specific DNA demethylation. Moreover, it is very likely that various other enzymes from distinct pathways can act synergistically (or independently) to achieve DNA demethylation.
Hydroxylation and deamination
The involvement of other pathways has received considerable recent attention. In particular, recognition of a contribution of TET proteins to DNA demethylation comes from studies on zygotic reprogramming , Wossidlo et al. 2011 . TET proteins have the ability to convert 5meC to 5hmeC (Tahiliani et al. 2009 , Ito et al. 2010 . Interestingly, Tet1 and Tet2 are highly expressed in embryonic stem cells and in PGCs at the time of global DNA demethylation and are induced during reprogramming of fibroblasts to induced pluripotent stem cells , Koh et al. 2011 . However, recent findings in stem cells with depletion of TET1 or TET2 demonstrate that the correlation of TET activity and DNA methylation pattern is complex (Ito et al. 2010 , Ko et al. 2010 , Koh et al. 2011 ) and TET1 protein, as well as being involved in DNA demethylation and sustaining transcriptional activity of several genes, may also be responsible for the silencing of others (Ficz et al. 2011 , Williams et al. 2011 , Wu et al. 2011 . It is not known whether DNA demethylation in PGCs is impaired in Tet-deficient mice. In contrast, Tet3 is expressed in mouse oocytes and is present in the early zygote. Absence of TET3 during the time of active demethylation results in failure to demethylate the paternal genome, suggesting that the conversion of 5meC to 5hmeC may constitute an intermediate step in the active demethylation process (Iqbal et al. 2011 , Wossidlo et al. 2011 .
It is possible that both enzymatic pathways involving deaminases and TET proteins could cooperatively lead to DNA demethylation. Indeed, it has been shown recently that co-expression of TET1 and AID or other cytidine deaminases can increase the efficiency of DNA demethylation of reporter plasmid DNA transfected into cultured cells (Guo et al. 2011) . AID has been proposed to preferentially deaminate 5hmeC generated by TET1 to produce 5-hydroxymethyl uracil (5hmeU), which can then be processed by glycosylases from the BER pathway (Guo et al. 2011 ). Furthermore, it has been shown recently that TDG can initiate the removal of 5hmeU generated by AID-mediated deamination of 5hmeC (Cortellino et al. 2011 ; Fig. 1 ). This is an attractive model, because TET proteins, in contrast to cytidine deaminases, can efficiently act on 5meC in double-stranded DNA (Tahiliani et al. 2009 , Ito et al. 2010 , and because the product of 5hmeC deamination -5hmeU -can be recognised by BER pathway uracil glycosylases. However, under at least some developmental circumstances, this orchestrated process of oxidation and deamination may not be required for active DNA demethylation. It has been shown that during DNA demethylation at fertilisation in mouse zygotes, some 5mC is converted to unmethylated cytosine without a 5hmeC intermediate, which would point towards the involvement of DNA demethylation mechanisms independent of TET proteins and possibly using cytidine deaminases (Wossidlo et al. 2011) . One cannot rule out that various mechanisms and distinct enzymes might act at different developmental stages. For example, active demethylation pathways in the germline may be different from those operating in the zygote or at other developmental stages. Consistent with this, it is known that imprinting marks are not erased in the first wave of global demethylation after fertilisation in mouse zygotes , Oswald et al. 2000 , but that they are removed in the second wave occurring in mouse PGCs (Hajkova et al. 2002 , Sato et al. 2003 . In addition, several distinct active DNA demethylation mechanisms may be active at the same time to target different regions of the genome. Clearly, our understanding of active DNA demethylation mechanisms is still limited.
Conclusions
In summary, despite several lines of evidence supporting the hypothesis that DNA demethylation can start with 5meC deamination, it is likely that, in vivo, an AIDdriven pathway is not the only one leading to active DNA demethylation. It is crucial to get further insights into key mechanisms of DNA demethylation control. Determining the mechanisms of DNA demethylation at a molecular level will be important for understanding the erasure and establishment of the normal epigenetic programme in the germline and in the zygote and will provide insights into the epigenetic perturbations implicated in assisted reproductive technologies (Maher 2005 , Laprise 2009 ). Ultimately, it may contribute to the design of treatments for diseases associated with aberrant DNA methylation, such as imprinting disorders or cancer. For example, even though direct links to genome-wide levels of 5mC have not been established, it has been shown that up-regulation of AIDmediated DNA demethylation pathway is associated with human colon cancers (Rai et al. 2010) . In addition, deciphering mechanisms leading to DNA demethylation could help circumvent problems with inefficient DNA demethylation accompanying induced pluripotent stem cell derivation (Takahashi & Yamanaka 2006 , Lister et al. 2011 . We are getting closer to an understanding of how active DNA demethylation is achieved on a molecular level, and how cytidine deaminases contribute to this process where repair is desired rather than rejected as observed at immunoglobulin loci to cause antibody diversity in B cells.
